The present paper gives a theoretical outline on liquid film flows driven by superimposed effects of interfacial shear and gravity forces and discusses related heat transfer processes which are relevant for lubrication oil systems of aero engines. It is shown that a simple analytical approach is able to predict measured heat transfer data fairly well. Therefore, it offers scope for improvements within the analysis of bearing chamber heat transfer characteristics as well as for appropriate studies with respect to other components of the lubrication oil system such as vent pipeline elements.
INTRODUCTION
An efficient secondary air/lubrication oil system is an important demand for further improvements of performance characteristics and capabilities of modern jet engines. In order to reduce pressure losses in the secondary air system and to meet the requirements given by increasing thermal loads, sufficient knowledge on discharge characteristics and heat transfer coefficients are necessities within the design process. As a consequence, these subjects are currently investigated in worldwide research activities (Wittig and Schulz, 1992; Owen, 1992) and satisfying results have already been elaborated for many of these components. However, this holds solely as far as single phase air flows are concerned. Although it has a strong impact on the secondary air flows required for cooling and sealing purposes (Zimmermann et al., 1991; Kutz and Speer, 1992) , very little knowledge is available with respect to the flow phenomena at the interface between secondary air and lubrication oil systems, namely the bearing chamber. As a consequence, the designer has to deal with several uncertainties within the calculation *Corresponding author. Tel.: + 860 6107759. Fax: + 860 6107759. E-mail: glahnja@utrc.utc.com. 156 A. GLAHN AND S. WITTIG scheme which cause performance losses and lead subsequently to the demand of additional time and cost consuming engine tests.
To overcome these problems, a test facility has been developed and built at the Institut ffir Thermische Str6mungsmaschinen, University of Karlsruhe,. which allows for the first time a detailed investigation of air/oil flow phenomena and related heat transfer processes in bearing chambers simulating aero-engine conditions for the whole flight envelope. As reported recently by Wittig et al. (1994) and Glahn and Wittig (1996) , it has been found that the flow pattern inside a bearing chamber is dominated by a rotating oil film at the radial housing which is interspersed with small air bubbles. It is exposed to the turbulent gas flow in the core region of the chamber which carries oil droplets atomized by the rolling elements of the bearing as a dispersed phase. As indicated by the scheme in Fig. 1 , the oil film flow parameters are dominated by the momentum transfer from the rotating shaft to the core flow and subsequently to the gas/liquid interface. Consequently, for a given geometry and at constant film Reynolds numbers an increase of the shaft velocity results in higher film surface velocities and in decreasing film heights. Therefore, gravity which has been identified as another important parameter for the liquid transport becomes less dominant. However, it has been demonstrated by Glahn and Wittig (1996) that it must not be neglected and has to be considered in the oil film flow analysis even for high shaft velocities and small chamber heights typical for modern jet engines. Another important effect of increasing interfacial shear forces is given by its influence on the film flow stability, i.e. interfacial shear forces can cause supercritical film flow conditions which are characterized by the onset of droplet removal from the film. As shown e.g. by Ishii and Grolmes (1975) and Himmelsbach (1992) , droplet inception is not only caused by increasing gas velocities but also affected by the film Reynolds number. This is due to the fact that liquid films act upon the gas flow as a rough wall. A thick film is characterized by a high equivalent sandgrain roughness (Sattelmayer and Wittig, 1990; Himmelsbach, 1992) and, as a consequence, the interfacial shear increases. Summerizing this briefly given phenomenological description and considering a large amount of work documented in literature on liquid film flows (surveys are given by Himmelsbach, 1992; Hewitt, 1978; Sattelmayer, 1985; Mudawwar and E1-Masri, 1986 ) it has to be stated that a detailed description of oil film flows in bearing chambers covering all interaction processes at the gas/liquid interface including unsteady wave OPERATING CONDITIONS 
whereas its temperature T is given by the heat flux distribution across the film As it can be seen rapidly from Eqs. (1) and (2) Fig. 3 , it is obvious to use Eq. (9) as a basis for a further investigation into heat transfer phenomena of bearing chamber oil film flows. Furthermore, it seems to be worthwhile to consider additionally some of the more sophisticated models which have been derived especially for heat transfer problems.
As typical representatives, eddy viscosity correlations of Hubbard et al. (1976) and Mudawwar and E1-Masri (1986) 
As it has been expected from eddy viscosity profiles discussed above, it is demonstrated in Fig. 5 ReF [-] -J Pr 0.9
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occurring in the calculation of non-dimensional heat transfer coefficients that a fundamental characterization of oil film flows as it has been performed by Glahn and Wittig (1996) (8) separates two chambers (I, II) which are bounded by the rotor (2), a thick-walled housing (4), the bearing support (5), the sealing air supply for chamber I and a transparent disc covering chamber II. To prevent oil leakage both chambers are sealed using three fin labyrinths (9a,b). Air/oil mixtures which are generated by the atomization of lubrication oil inside the bearing and due to droplet interaction with pressurized sealing air flows are discharged through vents (11) (15) and one of the proposals for the eddy viscosity film heat transfer coefficients c can be calculated and compared with appropriate data measured directly, e.g. as shown by Wittig et al. (1994) .
Based on the excellent agreement between theoretical approach and measured data for the momentum transfer (Fig. 3) and considering that damping effects at the free interface (Eqs. (10) and (11)) apparently do not have a significant impact on oil film flows, it is reasonable to take into account the simple one-equation model Eq. (9) for an initial assessment of theoretical approaches on internal bearing chamber wall heat transfer processes. This has been done by assuming a turbulent Prandtl number of Prt and the comparison is shown in Fig. 9 . The theory leads to lower predictions of the heat transfer coefficients taken from measurements but the qualitative estimate of the heat transfer characteristic is quite well. Considering the simplifications which have been made, the agreement between theory and experiment (AcUcM_34%) is remarkable and could be further improved by correlations which give lower values for Prt (Fig. 5) . However, it has to be kept in mind that the impact of hot oil droplets emanated from the bearing has yet not been included in the study. Therefore, a further analysis has to concentrate on this subject instead of any fitting with respect to the turbulent Prandtl number. The potential of other models than Eq. (9) Mudawwar and E1-Masri (1986) do not give any benefit to an oil film flow heat transfer analysis in comparison to the simple approach used in Fig. 9 . Studies based on laminar or fully turbulent models would fail for the present application since Nusselt numbers differ from those obtained by Eq. (9) of more than one order of magnitude ( Fig. 6) which is not ruled out by differences in the film height (Fig. 4) Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced.
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